The immune system must recognize countless pathogens throughout life. How does this system organize the finite but effective repertoire of receptors? This finite set of receptors must inevitably be cross-reactive to multiple pathogens while retaining high specificity to different pathogens. In this study, we computationally examined the cross-reactivity of T-cell receptors and peptides derived from infectious diseases based on the pairwise binding energy of their amino acid sequences.
Introduction
T cells are major components of the adaptive immune system. To selectively recognize pathogens, T cells express distinct receptors. Antigen presenting cells engulf pathogens, degrade the pathogens into short peptides, and display these peptides in conjunction with major histocompatibility complexes (pMHC) on their surfaces (Owen et al., 2013) . Subsequently, T cells recognize the processed peptides using T-cell receptors (TCRs).
extremely low cross-reactivity to different peptides despite their sequence similarity (Petrova et al., 2012) . The binding affinity of TCRs or antigenic peptides may play a role in the degree of cross-reactivity, indicating that the sequence information of their amino acids can be an important predictor of their cross-reactivity. Many TCR and antigenic peptide sequences are currently available due to high-throughput sequencing technologies (Murugan et al., 2012; Vita et al., 2015; Warren et al., 2011; Zvyagin et al., 2014) . In this study, we computationally examined the cross-reactivity of TCRs to peptides derived from infectious diseases based on the pairwise binding energy of their real amino-acid sequences. Using a binding simulation, we addressed the following two questions: (i) how broadly does the cross-reactivity of T cells or antigenic peptides distribute?
(ii) What physical mechanism underlies the broad cross-reactivity.
Because a rapid immune response to pathogens is essential for living systems (Mayer et al., 2015) , T cells must perform rapid target searching for a specific peptide. The target searching process has been extensively studied in the context of transcription factors binding/unbinding DNA (Berg and von Hippel, 1987; von Hippel and Berg, 1986) . The binding affinity determines the time required for transcription factors to scan specific locations on DNA. Strong binding can delay the scanning process due to slow unbinding, while weak binding can overlook target locations (Gerland et al., 2002; Savir et al., 2016) . Similarly, high cross-reactive T cells can 3 recognize more targets, but they are less specific to the targets. Their strong binding affinity may be beneficial for stable binding to the correct targets but detrimental for unbinding from the incorrect targets. In this study, we examined the target searching process of T cells using a binding model of real amino acid sequences of T cells and antigenic peptides.
Models and Results

Immunological recognition
TCRs have a specific region, i.e., complementary-determining region 3 (CDR3), that is critical for recognizing the short peptides of MHC molecules. Since CDR3 is short (L=12, the most frequent length), the interaction between CDR3 and pMHC has been approximated using a linear sequence pairing model without considering the three-dimensional protein-protein interactions (Kosmrlj et al., 2009; Kosmrlj et al., 2008) . The "string models" of TCR-pMHC interactions have been used to study various problems, including thymic selection (Chao et al., 2005; . In addition, this linear model treats amino acids explicitly, which is distinct from previous linear models that were based on binary sequences (Percus et al., 1993; Segel and Cohen, 2001) . The pairwise binding energy between a TCR and pMHC is
Here, the first term represents the interaction between the amino acid sequence
of a peptide (Fig. 1A) , while the second term represents the interaction between the remaining part of the TCRs other than CDR3 and the MHC molecule. The binding energy J of a pair of amino acids is defined by the statistical potentials between each pair of amino acids, i.e., the 20×20 Miyazawa-Jernigan matrix ( Fig. 1B ) (Miyazawa and Jernigan, 1996) . Since the statistical potential can reasonably describe proteinprotein interactions, this matrix has been widely used in protein design and folding simulations (Li et al., 1997) .
The non-specific binding energy has been estimated as
, where B k is the Boltzmann constant, and T is the temperature (Kosmrlj et al., 2009; Kosmrlj et al., 2008) . At a normal body temperature, the thermal energy is approximately equal to T k B =0.6 kcal/mol. This setup defines the event of an immune response when the pairing energy between t ! and p ! is larger than an activation or recognition threshold,
The linear model has been used to describe the thymic selection process in which the selected TCRs show high specificity and cross-reactivity (Kosmrlj et al., 2009; Kosmrlj et al., 2008) . Since negative selection in the thymus removes the TCRs that include strongly interacting amino acid residues, the selected TCRs have 4 moderately interacting amino acids. Perelson and Oster have also discussed the importance of many weak bonds over one strong bond (Perelson and Oster, 1979) . Thus, each site should significantly contribute to the total binding energy in Eq. (1). The "Bar code model" could explain certain experimental results as follows: T cells selected by fewer self-peptides in the thymus are more cross-reactive (Kosmrlj et al., 2008; Kosmrlj et al., 2010) , and higher cross-reactive TCRs have more strongly interacting amino acids in their CDR3 regions (Stadinski et al., 2016) .
Cross-reactivity
To examine the cross-reactivity of TCRs using the linear binding model, we used real sequence data of TCRs and antigenic peptides. For the TCR sequences, we used published data of the DNA sequence of CD4+ T cell beta chains (Murugan et al., 2012) , which were obtained from T cells purified from blood samples from nine human subjects (Robins et al., 2010; Robins et al., 2009 (Vita et al., 2015) and obtained 10 4 infectious peptides. Their sequence lengths ranged from 5 to 45 amino acids, and the most frequent length was L=15.
Since we defined an immune response as encounter. We also considered reversed sequences of TCRs. Then, we determined the reactivity of the TCRs and peptides to determine their cross-reactivity. In this study, we considered only distinct TCR sequences and ignored the clone size of the T cells because no correlation was observed between the cross-reactivity and the clone size.
We distinguished the following two cross-reactivities ( Fig. 2A ): (i) T-cell cross-reactivity determined the number of peptides recognized by a specific TCR, and (ii) peptide cross-reactivity determined the number of TCRs that recognized that specific peptide. Thus, we measured the fraction of recognized peptides by TCRs and plotted the relative frequency of the cross-reactive fraction (Fig. 2B) . Notably, we used the fraction of crossreactive peptides rather than their absolute number because the absolute number depends on the total number of available peptides. Similarly, we measured the fraction of TCRs that recognize the same peptides and plotted their relative frequency (Fig. 2C ). Since we defined the reactivity between a TCR and a peptide as
, our results depend on the threshold, R E , as follows: high R E results in lower cross-reactivity, whereas low 5 R E results in higher cross-reactivity. Here, we used
to reasonably explain the thymic selection process (Kosmrlj et al., 2008) .
As a reference for the cross-reactivity distribution, we considered the random connections between TCRs and peptides when the total number of recognition connections were constrained to follow the same number in
Compared with the artificial cross-reactivity distribution, the crossreactivity distributions of TCRs and peptides were certainly broad (Figs. 2B and 2C). Broad T-cell crossreactivity (Petrova et al., 2012) and peptide cross-reactivity (Jenkins and Moon, 2012; Maillere, 2013) have been recently supported by experimental evidence.
To understand the differential cross-reactivity of TCRs, we categorized the TCRs into two groups, i.e., the top 5 percent with the highest and lowest cross-reactivity, and examined their amino acid compositions (Figs.
3A and 3B). High cross-reactive TCRs had higher frequencies of strongly interacting amino acids, whereas low cross-reactive TCRs had higher frequencies of weakly interacting amino acids, which is consistent with previous reports (Kosmrlj et al., 2009; Stadinski et al., 2016) . Furthermore, the high cross-reactive TCRs have more amino acid residues with strong hydrophobicity. Self-reactive T cells have also been successfully classified according to the fraction of hydrophobic residues (Stadinski et al., 2016) . In conclusion, the broadness of T-cell cross-reactivity originates from the heterogeneous amino acid composition.
Here, we prepared two control TCR repertoires to evaluate the uniqueness of the natural T-cell repertoire.
Because the amino acid composition of natural TCRs (N-TCRs) is known, using the top 5 percent of the highest cross-reactive TCRs (H-TCRs) and bottom 5 percent of the lowest cross-reactive TCRs (L-TCRs), we counted the relative frequency
of the 20 types of amino acids
. Notably, we also considered the top/bottom 20 percentile TCRs and confirmed that the modification did not qualitatively change the following conclusions. Subsequently, we created two artificial TCR repertoires, i.e., H-TCRs and L-TCRs, by assembling the amino acids sampled from
, respectively. Henceforth, we denote the repertoire of natural TCR by N-TCRs. Then, we determined the distribution of binding energies ) ,
between the TCRs and peptides (Fig. 3C ) and confirmed the distinct cross-reactivity of the three repertoires (Fig. 3D) . As previously reported (Derrida, 1980; Derrida, 1981; Kosmrlj et al., 2009) , the binding energy distributions are approximated by Gaussian distributions as follows:
6 with mean a µ and variance 2 a s . In the generation of the two artificial repertoires, we did not impose correlations between sites. Therefore, given the amino acid composition ) ( i g a of peptides (Fig. 3A) , the mean and variance of the binding energy can be estimated as follows:
The analytical estimation is consistent with the mean and variance of the simulated binding energy distributions not only for H-TCRs and L-TCRs but also for N-TCRs (Table 1 ). The good agreement with N-TCRs suggests that the site-site correlation was negligible in the amino acid sequence of the natural TCRs.
Expectedly, the H-TCRs had higher binding energies with peptides than the N-TCRs and L-TCRs. The stronger binding is the source of the high cross-reactivity. To further quantify this relation, we defined probability a q in which a TCR has stronger binding with a peptide than the recognition threshold R E as follows:
The theoretical estimation of a q could reasonably predict the success probability of TCR-peptide recognition in the recognition simulation (Table 1) .
Target searching
Rapidly searching for dangerous pathogens is crucial for immunity (Mayer et al., 2015) . Thus, we examined the target searching time of TCRs. First, we analytically estimated the searching time required for TCRs to recognize an anonymous peptide among a set of peptides. Second, we numerically estimated the searching time required for TCRs to recognize a specific peptide. For the analytical estimation, we sampled the binding energies i E from the binding energy distribution (Fig. 3C) 
where the m-th trial should be the first successful recognition ( (Gerland et al., 2002) as follows:
where
is the inverse thermal energy, and 0 t is a free parameter that determines the time scale of the search process. We set 0 t to satisfy the observation that each T cell requires approximately 5 = D i t minutes for the scan process, considering that immunological synapse formation requires 5 to 30 minutes for antigen recognition in CD4+ T cells (Huppa and Davis, 2003) . The more realistic value of 0 t is likely smaller because the half-lives of the bond formed between a TCR and agonist pMHC are 1-100 seconds (Grakoui et al., 1999; Holler and Kranz, 2003; Krogsgaard et al., 2003) . To estimate the total search time t , we must consider the probability that successful recognition occurs at the m-th trial as follows:
which assumes m sequences of independent events with (m-1) failures and one final success with success probability a q in Eq. (5). Here, the average search time per trial can also be estimated from the binding energy distribution ) (E P a as follows:
Given the average search time a t D per trial, the total search time for (m-1) trials is approximated by
Then, we can obtain the average of the total search time 
where the last approximation holds for 1 0 < < a q . The final equality in Eq. (11) can define the average number of failed trials as
Using the analytical formulation, we could finally estimate the average number of failures (Fig. 4) . In contrast, L-TCRs do not waste as much time unbinding but require many more trials to search for the correct targets.
In contrast to target searching for an anonymous peptide among a set of peptides, we next examined a more realistic target searching for a specific peptide. We first prepared finite numbers of the three T-cell repertoires.
For N-TCRs, we randomly selected 3,000 TCRs from a pool of 9 subjects. For H-and L-TCRs, we generated 3,000 artificial TCR sequences as described in the previous section. Given a T-cell repertoire, we introduced a target peptide i p ! and randomly sampled a TCR j t ! from the repertoire. Then, we calculated the binding energy
and determined whether the energy exceeded the recognition threshold,
. Unless recognition was successful, we repeated this process and sampled another TCR until the recognition succeeded with m j = . Finally, ignoring the time interval between trials, we could obtain the total search time in Eq. (6) for targeting peptide i p ! . In general, a finite repertoire cannot recognize all peptides. L-TCRs recognize fewer peptides than N-TCRs, and N-TCRs recognize fewer peptides than H-TCRs (Table 3) . For a fair comparison of the three repertoires, we considered only cases in which a specific peptide was successfully recognized. Given successful peptide recognition, we counted the trial number m and total search time t and obtained the distributions of the three repertoires (Figs. 5A and 5B). Although the trial numbers were highly differentially 9 distributed between H-TCRs and N-TCRs, the total search times were similarly distributed in cases of successful TCRs exhibited a five-fold lower success rate than N-TCRs (Table 3) .
To further investigate the penalty of the unbinding time, we compared the trial numbers and total search times required by the three repertoires to recognize the same peptides. Here, we considered only cases in which the three repertoires successfully recognize a specific peptide, and ignored cases in which one of the three repertoires failed to recognize a specific peptide (Table 3) 
Summary
T cells are specific for target pathogens and cross-reactive for multiple targets due to the finiteness of the immune system (Mason, 1998; Petrova et al., 2012; Sewell, 2012) . In this study, we examined the degree of cross-reactivity of human T cells using the linear binding model (Kosmrlj et al., 2009; Kosmrlj et al., 2008) with open sequence data of T-cell receptors and antigenic peptides. We found that the degree of cross-reactivity has a broad spectrum compared with a control scenario in which T cells were randomly reactive to peptides given that the total number of their reactive connections was constrained. Thus, certain T cells are highly crossreactive to peptides, while other T cells are not as cross-reactive but are more specific. This diverse crossreactivity has recently been observed in experimental studies (Jenkins and Moon, 2012; Maillere, 2013; Petrova et al., 2012; Zarnitsyna et al., 2013) . Furthermore, we confirmed that the higher cross-reactive T-cell receptors have more strongly interacting amino acids in their sequences, which is consistent with previous studies (Kosmrlj et al., 2008; Stadinski et al., 2016) .
We further investigated the binding model to examine the target search time of T cells. We found that natural T cells were specific for peptides and sufficiently rapid in searching for target peptides in a finite time window.
The high cross-reactive T cells did not waste time searching for the correct targets due to their non-specific high cross-reactivity, but these cells required more time to unbind from the incorrect targets. In contrast, the low cross-reactive T cells required more time to search for the correct targets due to their high specificity. These disadvantages of the non-natural T-cell repertoire were highlighted at a physiological body temperature.
Although our general conclusion applies to the relative target search time of the three different T-cell repertoires, the total target search time estimated in this study should be cautiously considered as the absolute time because we ignored the simultaneous target searching of multiple T cells and the time interval between searching events in the estimation.
Our computational approach could provide a useful platform for investigating immunological recognition.
Recent high-throughput technologies have provided digital information regarding T-cell receptors and antigenic peptides (Murugan et al., 2012; Vita et al., 2015; Warren et al., 2011; Zvyagin et al., 2014) . However, systematically probing the degree of cross-reactivity in large populations of T cells or peptides remains challenging. Our computational platform allowed for an analysis of large-scale data of 10 4 TCRs and 10 ) and a peptide ( p ! ) exceeds the threshold energy for recognition:
. T-cell cross-reactivity determines the fraction of peptides recognized by a given TCR, whereas peptide cross-reactivity is the thermal energy. We considered the following two temperatures: body temperature T (red) and a high temperature 10T (black).
Depending on the relative trial number and search time, four regions were defined. The percentile event frequency of the four regions (C) for N-TCR vs. H-TCR and (D) for N-TCR vs. L-TCR. Each repertoire has 3,000 distinct T-cell receptors. Here, to define the recognition events, we considered only the peptides that were simultaneously recognized by all three repertoires for a fair comparison (Table 3 ). The error bars represent the standard errors of ten ensembles of the three repertoires. 
